Among the cereals most consumed by humans, maize grain is in the third position, surpassed only by rice and wheat. In several countries, maize grain is the main source of carbohydrates and proteins. Maize grain is ranked as one of the cereals with the highest content of phenolic compounds. The importance for human health of the consumption of phenolic compounds is due to their proved antioxidant activity. Diets with high amount of antioxidants have been associated with a reduced probability of suffering degenerative chronic diseases. In maize grain, the phenolic acids predominate, among which the main is ferulic acid, followed by p-coumaric acid, which are highly abundant in their bound forms. However, other phenolics such as anthocyanins, flavonols, and flavanols have been identified in colored maize grains. Additionally, the processing of maize grain into different products for human consumption incorporates changes both in quantity and quality of some phenolic compounds. In the present chapter, we present the most recent information available regarding phenolic compounds in maize grain and their nixtamalized products.
Introduction
Phenolic compounds are widely distributed in plants as products of their secondary metabolism; they are produced during plant development and some are of vital importance for their adequate functioning and interaction with the environment while others are synthesized in response to stress conditions such as infections, injuries, ultraviolet radiation, among others [1, 2] . Furthermore, phenolic compounds serve as defense mechanisms since many of them display antifeedant and antipathogenic properties [3] , which contribute to their adaptation to different environments. The presence of phenolic compounds in different plant foods contributes to their distinctive characteristics and to its flavor and color. They can be found in soluble/free and bound/insoluble form. In maize grain the highest amount of phenolics (98.9%) is present in the insoluble fraction, and the remainder in the soluble fraction [4] . However, it is the soluble fraction that shows the greater chemical diversity, which depends on the color of the grain. The goal of this document is to provide a review of the various phenolic compounds present in maize grains of different colors, and the changes that occur when the grain is subject to nixtamalization processing for the elaboration of tortillas and all the diversity of nixtamalized products consumed in Mexico and in many other parts of the world.
The phenolic compounds
The biosynthesis of these compounds occurs via the shikimate pathway, from the amino acids phenylalanine and tyrosine and the participation of the enzyme phenylalanine ammonia lyase (PAL) that catalyzes the removal of the ammonia residue of the amino acids phenylalanine and tyrosine to produce cinnamic acid and 4-coumaric acid, respectively [5] . Both compounds further enter the phenylpropanoid pathway and it is within the various branches of this pathway where the great diversity of phenolic compounds so far identified is synthesized.
Regarding their chemical structure, phenolic compounds possess at least one aromatic ring with one or more hydroxyl groups, including their functional derivatives [6] . The polyphenols are within the group of phenolic compounds, which according to Quideau et al. [7] , the term "phenolics" should be used to define compounds derived exclusively from the shikimate/phenylpropanoid pathway and/or the route of polyketides, which include more than one phenolic unit (phenol). This restriction is necessary because substances from alternative metabolic pathways may also present more than one phenolic unit. In literature, the term polyphenols and phenolic compounds are often encountered, however, if the former term is used it would not include the phenolic acids, as their structure contains only one phenol. Therefore, throughout this work we will use the term "phenolic compounds" as we will be commenting on some flavonoids and phenolic acids.
The complexity of the phenolic compounds ranges from simple molecules as phenolic acids to highly polymerized compounds as tannins. Phenolic compounds are present in plants in conjugated form with one or more sugar residues bound to the hydroxyl groups, although in some cases direct connections between a sugar molecule and an aromatic carbon may occur. The most common way to find them in nature is as glycosides, conferring them solubility in water and in organic solvents. All phenolic compounds exhibit strong absorption in the UV spectral region, and some colorful phenolic compounds absorb in the visible region as well [8] .
Phenolic compounds can be classified in various ways, one proposed by Harborne and Simmonds [9] considers the number of carbons contained in their molecule. According to this Phenolic Compounds -Natural Sources, Importance and Applicationscriterion a total of 20 different groups of phenolic compounds are considered, where simple phenols are the simplest and the phlobaphenes are the most complex group [10] . Another criterion is used by Shahidi and Naczk [6] , which classifies groups of compounds based on their complexity. Figure 1 illustrates this classification.
Phenolic compounds in maize grain
Phenolic acids are the main phenolics in maize grain; however, other compounds like phenolic amines and some flavonoids have also been described [11] . The most abundant phenolic acids are ferulic and p-coumaric, which may be in their isomeric form cis or trans, the most common being the trans form. Both acids are present in soluble form or bound to cell wall components. Ferulic acid (3-methoxy-4-hydroxycinnamic acid) is the most abundant in the cell wall of monocots and is found in all fractions of the maize grain, but most abundantly in the pericarp and the aleurone layer. Chemically it is mostly ester-linked to plant cell wall components, hemicellulose chains, mainly in the arabinose residues, but it can also be polymerized in lignin by ether linkages [12] . When ferulic acid is oxidized, it forms dimers or trimers, which after being hydrolyzed, are capable of forming gels when linked to two pentosans or protein molecules. Among the flavonoids present in maize grain are the flavonols, anthocyanins, and proanthocyanidins. Das and Singh [13] reported the presence of quercetin and kaempferol (flavonols) in the germ and pericarp of quality protein maize (QPM), popcorn and sweet corn. Meanwhile, Ramos et al. [14] reported the presence of kaempferol and morin in purple maize grains. The chemical structures of some phenolic compounds present in maize grain are shown in Figure 2 .
Phenolic amines were initially identified in the pericarp of white maize grain by Sen et al. [15] , who associated their presence with tolerance to storage pests; recently, Collison et al. [16] reported that the phenolic amines: N-N′-dicoumaroylspermidine, N-coumaroyl-N′-feruloylputrescine, and N-N′-diferuloylputrescine were the most abundant soluble phenolics in the methanolic extract of nixtamalized grains from red, blue, and purple maize grain. It is not known for sure what is the role of phenolic amines in maize grain.
Soluble phenolic compounds
These compounds correspond to those obtained by treating a given sample size of ground maize grain to extraction with an organic solvent, typically aqueous solutions of methanol or ethanol. Quantification is performed by the Folin-Ciocalteau method [17] . The identification of the different types of phenolic compounds is achieved by high-resolution liquid chromatography (HPLC) when standards are available or by means of mass spectrometry (MS). The 
Phenolic acids
Phenolic acids can be found in maize grain in soluble and insoluble form. The soluble fraction is also known as free, although in a strict sense, in this fraction phenolic acids can be present in their free soluble forms, glycosylated or esterified. This fraction is very small compared to the insoluble or bound fraction. However, the fraction of soluble phenolic acids is more diverse than the insoluble, particularly in the grains containing anthocyanin-type pigments. Phenolic acids that occur in maize grain are derived from both benzoic acid and cinnamic acid. The chemical structures of the most common are shown in Figure 3 .
Among the phenolic acids present as soluble form in the maize grain are p-hydroxybenzoic, vanillic, and protocatechuic, all derived from benzoic acid. The first two have been reported in the pericarp of popcorn and in the germ of QPM, as well as in baby corn, with greater abundance of p-hydroxybenzoic [18] . In the grain of purple maize the presence of protocatechuic, vanillic acid, and p-coumaric has been reported in amounts of 14.61 ± 0.08 and 8.46 ± 0.09 mg equivalents of ferulic acid/g sample for the former two acids, whereas the latter was found only in trace amounts [19] . Meanwhile, Sosulski et al. [20] identified in yellow maize flour, in addition to the previously mentioned acids, p-coumaric, ferulic, and syringic acids in the free phenolic fraction. This fraction was much smaller than the soluble esterified phenolic fraction, in which ferulic and syringic acids predominated. Table 1 shows the reported concentrations of some phenolic acids in maize grain of different colors.
Flavonoids
They are phenolic compounds that form a very large group of which more than 5000 different members have been identified [21] , many of which possess important biological activities such as antioxidant, antimutagenic, and microbicidal. Different types of flavonoids have been identified in colored maize grain with anthocyanin-type pigments. They can be found free or in conjugated forms [22] . These compounds are very susceptible to hydrolysis and some losses may occur during their analysis. The presence of these phenolic has been reported in maize grains with anthocyanin-type pigments and the flavonoids reported are anthocyanins, flavonols, and proanthocyanins (flavan 3-ols).
Anthocyanins
Anthocyanins are a class of water-soluble flavonoids that are visible to the naked eyes. They are glycosides of polyhydroxy and polymethoxy derivates of 2-phenylbenzopyrylium or flavylium salts and are responsible for the red, purple, and blue colors of many fruits, vegetables, and cereal grains [23] . In maize grain, they are located in the pericarp, the aleurone layer, or in both structures [24] . Anthocyanins have sugars attached to the B-ring at the 3′ and 5′-hydroxyl position. The two most important types of glucosides are 3-monoglycoside and 3-4-diglycoside. As a rule, the 3-hydroxyl always has a sugar, except in 3-desoxypelargonidin, 3-desoxycyanidin, and 3-desoxydelphinidin [25] . The basic structure of the anthocyanidins present in maize grain is shown in Figure 4 .
Flavonols and proanthocyanidins
In the grain of blue maize, derivatives from quercetin have been reported [27] , while in the grain of purple maize, in addition to these derivatives, morin and kaempferol have also been identified and quantified [14] . These flavonols have not been reported in white maize grain, whereas in yellow maize grain, quercetin and kaempferol have been reported to be present in trace amounts [13] . Within the group of proanthocyanidins, only catechin has been reported to be present in the blue maize grain of Mexican and American origins [27] .
Insoluble or bounded phenolic compounds
Insoluble phenolics from maize grain are those obtained from alkaline hydrolysis of the sample residue once soluble phenolics have been removed. The pH of the hydrolyzed sample is adjusted to 2 and liquid-liquid extractions with ethyl acetate are used to recover them. The total content is quantified by the Folin-Ciocalteau assay. They can also be analyzed by HPLC-DAD techniques or HPLC/MS/MS for a complete identification of the different phenolics present in this fraction. 
Ferulic acid and diferulates
Most of the phenolic acids in maize grain are found in the bound form and in this fraction, the ferulic acid (4-hydroxy-3-methoxycinnamate) predominates. It is found esterified to arabinoxylans from the hemicelluloses in the cell wall of the various structures of the maize kernel. Most of this acid in its free form is present in the germ, while its bound form is concentrated in the grain pericarp [18] . As noted above, the ferulic acid is mainly esterified to cell wall components. In the free form, it can be also found conjugated to different molecules, among which the most common are simple sugars and some amines [15, 16] .
p-coumaric acid
After ferulic acid, the second most abundant phenolic compound in maize grain is p-coumaric acid. It is present in both forms, the soluble phenolic fraction and the insoluble, with greater presence in the latter. In the insoluble fraction it is mainly linked to lignin, and to a lesser extent to polysaccharides embedded in the cell wall [28] . In the soluble fraction of purple maize the value reported for this acid is 34.1 mg/100 g DW, and for the phenolic insoluble fraction is 573.4 mg/100 g DW. Surprisingly, ferulic acid values reported in the insoluble fraction of this maize were significantly lower (154.2 mg/100 g DW) compared to the amount of p-coumaric acid [29] .
Phenolic compounds in maize by grain color
The content and type of phenolic compounds in the maize grain will vary depending on the color of the grain, the genetic origin, and the extraction method used. In the latter factor is determining if technologies such as ultrasound and microwave to favor extraction are used, in addition to the type of solvent used to extract them. Table 2 contains information regarding the amount of free or bound soluble and insoluble phenolics found in maize grain. The data show very large differences in the reported values by different authors for the same maize grain color. This is undoubtedly due to the genetic variability of the biological material itself. Furthermore, in some works as that of Montilla et al. [29] , the extraction of the insoluble phenolic was performed sequentially with three different hydrolysis methods and finally the phenolic compounds recovered from each were added. This method differs from what has been done, for example, by López-Martínez et al. [30] , who performed alkaline hydrolysis and recovered the phenolics by liquid-liquid extraction with ethyl acetate, which is the most common method applied. Under this method, the authors reported very different values in four samples of purple grain of different genetic background.
White maize grain
In white maize grain, differences in total phenolic content (solubles + insolubles) due to grain hardness are present. These differences are supported by the role of ferulic acid to provide strength to the cell wall of different grain structures. But also, each botanical grain structure has a content and a particularly phenolic profile, which is associated with its functionality.
Differences by grain hardness
Few studies have studied the relationship between the hardness of the maize grain and its phenolic content. The hardness of the grain is a widely studied aspect, because of the importance that this feature has for the different processes to which maize grains are subject to obtain the myriad of products derived from it [32] . Among the literature on the matter, Cabrera-Soto et al. [33] analyzed the soluble and insoluble phenolic fractions in the grain of seven maize hybrids of different hardness. The authors observed a significant positive correlation between the values of soluble esterified phenolics in the three grain structures (pericarp, germ, and endosperm) and the grain hardness. In the study by Chiremba et al. [34] in maize and sorghum, a higher content of phenolic acids in grains of greater hardness was observed, however, the correlation between the content of these phenolics and hardness was higher in maize grains than in sorghum grains.
Differences by grain botanical structure
Phenolic compounds are distributed in all maize grain structures, however, their concentration and type varies among them. Several studies using fluorescent techniques have reported that the pericarp is the structure with the highest concentration of phenolics, followed by the germ and the endosperm [15] .
Pericarp. The pericarp of maize grain is a rich source of phenolics, mainly in their bound form. However, a minor amount of phenolics can also be present in their free form. The main phenolic in the bound form is ferulic acid, followed by p-coumaric and sinapic acids. Several free phenolic acids reported in this structure are ferulic (in its conjugated form), vanillic, caffeic, p-coumaric, and p-hydroxybenzoic. However, the abundance of each one varied according to the maize type [18] . Most of the ferulic acid in the pericarp of the maize grain is linked by ester bonds to cell wall polysaccharides [35] . Nonetheless, they are also present in the form of dehydrodimers originating from the oxidative coupling of ferulate esters by means of the enzyme peroxidase. The diferulates that have been identified in maize grain are 8,5′-diferulic acid, 8,O,4′-diferulic acid, 8-8-diferulic acid, 4-O-5-diferulic acid, and 5.5′-diferulic acid [35] , of which the most abundant is the first one [26] . The diferulates are linked to the arabinoxylans of the polymers that form the cell wall [36] . The resistance of the pericarp cells is attributed to the presence of these compounds and their abundance has been associated to resistance toward the development of fumonisins [37, 38] and tolerance to warehouse pests [15, 39] . The presence of ferulic acid dehydrotrimers was reported by Rouau et al. [40] in maize bran, which is a fraction that is composed of remnants of pericarp and aleurone layer. Until now, seven different ferulic acid dehydrotrimers have been identified [35] . The different ways in which ferulic acid is integrated into the cell wall components contributes to the formation of networks that support the resistance of this structure whose main function is to isolate and protect the grain from external agents. [13] reported values of SPs of 11.9 and 10.4 µmol of FAE/g of DW in the pericarp of dent and crystalline maize types, respectively: the values of IPs were 218.6 and 219.4 µmol of FAE/g of DW, for the same maize grains. In the SPs fraction, the phenolic acids presented were vanillic, caffeic, ferulic, and p-coumaric, with predominance of the latter; in IPs, ferulic acid represented between 40 and 50% of this fraction.
In maize grain with presence of anthocyanin pigments in the pericarp, the SPs content is commonly higher than the values observed in white maize grain. This is due to the presence of anthocyanins that occurred mainly in soluble form, because the amount of bounded anthocyanins reported is very low [29] .
Germ. The germ concentrated the highest content of soluble phenolics of the maize grain structures. In seven varieties of white maize grain, Cabrera-Soto et al. [33] reported in the germ values of 499.1-689.2 µg GAE/g DW; in the pericarp, the values were of 232.4-334.1 µg GAE/g DW, while in the endosperm, they reported values of 124.1-194.0 µg GAE/g DW. Meanwhile, Das and Singh [13] reported 14.2 ± 0.3 for germ, 11.9 ± 1.1 for pericarp, and 0.4 ± 0.02 µmol of FAE/g of DW, in one sample of dent maize grain. In the germ, the phenolic acids: 3-hydroxybenzoic acid, caffeic, p-coumaric, ferulic in itsr cis and trans forms, and salicylic have been reported. Ferulic acid predominates in its esterified soluble form [41] .
Endosperm. The concentration of phenolic compounds in this structure is very low. CabreraSoto et al. [33] reported values of 124. .0 µg GAE/g DW. The amount of IPs is also marginal since it is less than 2% of that present in the pericarp and 3.56% of that contained in the germ. However, the endosperm represents 80-85% of the total weight of the grain, so its total contribution is close to that of the germ.
Pigmented maize grain

Blue/purple grain
The purple grain maize is the most studied with respect to the phenolic compounds because it is highly used for pigments extraction with application in foods [41] [42] [43] . In purple maize grain the phenolic acids have been reported: protocatechuic, vanillic, and p-coumaric acid, besides four hydroxycinnamic acid derivatives [19] . Additionally, Ramos et al. [14] found in purple maize grain the following phenolic acids: chlorogenic, caffeic, and ferulic. Of the flavonoids present in purple maize grain, the anthocyanins are the most abundant. Ramos et al. [14] 
Red grain
The red maize grain like the blue maize is especially high in phenolic compounds as compared to light colored maize genotypes. The average value of total phenolics for these grains is of 6056.9 mg/kg DW. The most abundant phenolic acids identified in red maize grain are ferulic and p-cumaric [22] .
In Table 3 , the total anthocyanins content (TAC) for different grain colors and the predominant anthocyanins in each sample are shown. It should be clarified that, within the same shade of grain color, different intensities may be present, which are evidenced by the different contents of total anthocyanins of grains of a similar shade. 
Changes of phenolic compounds during processing (nixtamalization) of maize grain
Nixtamalization results in multiple changes in the chemical components of the maize grain. Under the traditional process, the cooking water has high pH (∼12) which hydrolyzes the ester bond by which ferulic acid is linked to cell wall components. The grain structure that is mostly affected by this process is the pericarp, which becomes partially or fully hydrolyzed [45, 46] . As the most abundant phenolic in the grain, the hydrolysis of the ester linkage between the ferulic acid and the cell wall components causes the soluble fraction to be higher in nixtamalized maize products relative to that found in the whole grain, white maize. However, in colored maize that contains anthocyanin pigments, the soluble fraction is reduced due to the significant loss of anthocyanins [47] [48] [49] . According to the information presented in Table 4 , in white maize grain soluble phenolics increase by about 26% when the grains are processed into tortillas, while in red maize grain, they are reduced by 20%. The magnitude of the reduction varies according to the grain color and the origin of the genetic material. The cooking of the tortilla results in an additional loss of phenolic compounds, but much less significant that resulting from nixtamalization [47] .
When nixtamalization is performed by the extrusion method, total phenolic losses in maize grain are lower than those resulting from the traditional method [49] . The differences were attributed to the fact that the extrusion method does not produce losses from hydrolyzed pericarp, and there is no leaching of phenolics.
Of the phenolic acids present in maize grain, the changes in ferulic acid have been monitored, as the most abundant member of this group. In white maize grain, the losses of this acid in the process of going from grain to tortillas are between 20 and 30%; nevertheless, in red maize grain they are higher and account between 44 and 60%, while in the blue maize grain they represent 18-45%, according to the information shown in Table 4 . It is probable that the high losses of ferulic acid observed in red or blue maize grain may be a result of the maize varieties used in the studies that have a floury grain, which is very likely to occur if the maize used were native of Mexico. Floury maize generally has a thinner pericarp as compared to that of hard grains, and thus during nixtamalization the grain is hydrated faster than hard grain. Thinner pericarps could favor the hydrolysis of the ester bond that keeps the ferulic acid linked to cell wall components, and thus the acid is leached to the cooking water, known as nejayote. There are no reports on contents of ferulic acid in the nejayote of maize of different grain hardness, processed under the same nixtamalization method. In addition, when cooking times are adjusted to achieve optimal nixtamalization for each type of maize, the values of ferulic acid found in nejayote relate more to the cooking length than with grain hardness [50] and have values of ferulic acid content greater than those found in the grain and the masa for tortillas.
Conclusions
Phenolic compounds are present in the maize grain in free or soluble and bound or insoluble form. The insoluble fraction is the most abundant, but the most chemically diverse is the soluble fraction. There exists greater diversity of phenolic compounds in the grain of maize with anthocyanin-type pigments than in the white maize grain. Phenolic acids are the most abundant phenolic compounds in maize grain, followed by flavonoids, particularly anthocyanins in the blue red and purple maize grain. Phenolic amines are present in the pericarp of white maize grain and grain containing anthocyanin pigments, being most abundant in the latter. Nixtamalization significantly reduces the content of phenolics present in maize grain, in white grain maize, they are lost mainly as ferulic acid, while in the maize grain that contains anthocyanin pigments, in addition to ferulic acid, anthocyanins are almost entirely lost.
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